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Abstract: In this study, the martensitic transformation that occurred in the friction-stir processed (FSPed) 10 % Cr martensitic 
steel was studied. Due to the specific character of the FSP technique, the processed material undergoes very large plastic strains 
at an elevated temperature and a high strain rate. It is important to emphasize that material flow during FSP of martensitic 
steels usually occurs in the austenitic phase field. During subsequent cooling cycle, the processed material typically experiences 
martensitic transformation. It is expected that the heavily-deformed and fine-grained microstructure produced in the 
austenitic phase during FSP may exert an influence on the following martensitic transformation. Specifically, deviations from 
the “conventional” orientation relationship and selection of crystallographic variants are anticipated. To the best of authors’ 
knowledge, this issue is still not studied well. Therefore, the present work aimed to shed some light on this phenomenon. 
To this end, the electron backscatter diffraction (EBSD) technique was applied to characterize the microstructure produced 
during FSP of 10 % Cr creep-resistant steel. It was found that the evolved microstructure was indeed dominated by martensitic 
phase, though it also contained a minor fraction (≈0.1 %) of retained austenite. It was also shown the orientation relationship 
between the martensite and austenite deviated from the “classical” Kurdjumov-Sachs (K-S) one and could be described in 
terms of a mixture of K-S and Nishiyama-Wasserman (N-W) relationships. This observation was attributed to the essential 
orientation spread within the prior austenite grains. Moreover, a pronounced variant selection was revealed in the martensitic 
phase. The reconstruction of the microstructure of high-temperature austenite had demonstrated that the latter observation 
was likely due to the pronounced grain refinement and development of a distinct B / -B {110}<112> simple shear texture 
occurring in the austenitic phase during FSP.
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1. Introduction

Friction-stir welding / processing (FSW / P) is an innovative 
solid-state technology for joining metallic materials or 
modifying their microstructure. Since steels represent the 
structural materials that are most widely used in engineering, 
it is expected that the application of FSW / P technology for 
steels would be of great practical importance. As a result, 
intensive research is being focused in this area.

Given the relatively high-strength nature of steels, the 
application of FSW / P faces essential difficulties. Specifically, 
expensive welding tools are required for this purpose. These 
include ones fabricated from either boron nitride ceramics 
[1– 4], or silicon nitride ceramics [5, 6], or zirconium carbide 
ceramics [7], as well as the high-strength alloys based on 
tungsten [8 –13] or nickel [12]. During FSW / P, an extensive 
abrasion of the welding tools [4, 5] and the active oxidation 

of the welded / processed materials typically occur. In order 
to minimize these undesirable effects, it is recommended to 
apply protective tool coatings [8, 9] and use shielding gases 
(e. g. argon) [5].

Usually, the peak temperature during FSW / P of steels 
lies in the austenitic phase field. Accordingly, the final 
microstructure originates from either martensitic [8,15 –17] 
or bainitic [11,18] phase transformation that occurred during 
the cooling of the welded / processed material down to the 
ambient temperature. In some cases, however, material flow 
may also develop within the ferrite-austenite phase field, 
thus resulting in the ultrafine-grained ferrite-martensitic 
microstructure within the stir zone [8,19 – 24]. Such 
microstructures benefit from a good combination of strength 
and ductility [21, 22]. Typically, the steels subjected to FSW / P 
exhibit excellent strength [14, 25, 26], good fatigue endurance 
[21], and satisfactory ductility [25].

https://rscf.ru/en/project/24-79-00138/
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Despite the above studies having provided valuable 
insight into the FSW / P of steels, fundamental aspects of the 
underlying microstructural processes are still not completely 
clear. It is expected that extremely large plastic strains inherent 
to the FSW / P process would result in a heavily-deformed 
and fine-grained structure and a distinct crystallographic 
texture in the austenite phase field. In turn, this may exert 
a substantial influence on the subsequent martensitic 
transformation. Specifically, a deviation from the “classical” 
orientation relationship(s) between the austenite and 
martensite as well as a selection of crystallographic variants 
is anticipated. Moreover, wear of the welding tool (which 
usually occurs during FSW / P of steels) and concomitant 
mechanical alloying of the stir zone material can also affect 
the structure of the processed material.

The present study was undertaken in order to evaluate 
the above hypothesis with the aim of broadening our 
understanding of martensitic transformations.

2. Materials and methods

The material used in the present study was 10 % chromium 
martensitic steel, whose measured chemical composition is 
shown in Table 1. The chemical composition of the material 
was determined using a Foundry Master OE750 optical 
emission spectrometer and a METEK-300 / 600 nitrogen, 
hydrogen, and oxygen analyzer.

The material was produced by the vacuum induction 
melting. The cast ingot was homogenized at 1160°C and then 
forged into a strip with height 65  mm and width 140  mm 
with the final forging temperature being 850°C. Thereafter, it 
was normalized at 1060°C for 1 hour and finally tempered at 
770°C for 3 hours, followed by air-cooling. The heat treatment 
procedures were carried out using an electric resistance 
furnace Nabertherm GmbH equipped with a temperature 
controller. Hereafter, this material condition was referred to 
as base material. The base material was sliced into a series of 
sheets of 70 × 65 × 3.4  mm3 in size using a Sodick electrical 
discharge machine for the subsequent FSP experiments.

The FSP trials were conducted using an AccuStir 1004 
machine (General Tool Company) at the tool rotation rate 
of 1100 rpm and the tool travel speed of 25.4 mm / min. The 
welding tool was fabricated from a WC+10 %Co (YL 10.2 

grade) alloy and consisted of a flat shoulder of 12.2 mm in 
diameter and a hemispherical probe of 2.9 mm in length.

For microstructural observations and microhardness 
measurements, the processed material was sectioned 
perpendicular to the welding direction (WD). Then, the 
microstructural samples were mechanically polished in a 
conventional fashion with the final step involving the long-
term (24 hours) vibratory polishing with commercial OP-S 
suspension.

Microstructural examinations were conducted using 
scanning electron microscopy (SEM), energy-dispersive 
X-ray spectroscopy (EDS), and electron backscatter 
diffraction (EBSD). The EBSD data were processed and 
analyzed using TSL OIM Analysis 8 software.

To assist the interpretation of microstructure distribution 
within the processed material, a microhardness map 
was measured from the entire FSPed zone. The Vickers 
microhardness data were collected using a Wolpert 402MVD 
microhardness tester by applying a load of 5 N, a dwell time 
of 10 s, and a step size of 0.5 mm.

3. Results

The microhardness map measured from the transverse cross-
section of the processed material is shown in Fig. 1. The color 
code for the microhardness measurements is given in the 
bottom left corner. The fairly inhomogeneous distribution of 
the microhardness revealed in the map implied significant 
microstructural changes that occurred during FSP.

In the base material zone (i. e., the area that experienced 
neither deformation nor temperature influence), the average 
microhardness was measured to be about 230  HV. In the 
stir zone (i. e., the material that was stirred during FSP), a 
considerable hardening effect was observed. Depending on 
a particular location, the microhardness varied from 500  to 
700 HV. The revealed hardening effect implied the martensitic 
transformation that presumably occurred during FSP [8,15 –17].

It is also important to note that a transition region between 
the base material and stir zone exhibited a measurable 
material softening down to about 190 – 200  HV (Fig.  1). 
In the scientific literature, this phenomenon is typically 
attributed to the martensite tempering and the concomitant 
microstructural zone is referred to as the heat-affected zone.

C Si Mn Cr Ni Co Mo W V Nb B N Al Fe
0.1 0.07 0.11 9.74 0.16 2.9 0.68 1.9 0.2 0.05 0.008 0.003 0.01 bal.

Table  1.  Chemical composition of the martensitic steel (in wt.%).

Fig.  1.  (Color online) Microhardness map measured from the transverse cross-section of the friction-stir processed martensitic steel. RS and 
AS are retreating side and advancing side, respectively.
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In order to reveal the possible origin of the microhardness 
scattering observed within the stir zone, the processed material 
was examined using back-scatter electron (“Z-contrast”) 
imaging, as shown in Fig.  2 a. It was found that the stir 
zone material contained a significant fraction of the bright-
contrast particles that were arranged in a nearly concentric 
circle distribution. EDS measurements demonstrated that 
the particles were enriched by tungsten (Fig. 2 b) and cobalt 
(Fig.  2 с), i. e., constituent elements of the material of the 
welding tool. This observation presumably implies that the 
particles originated from wear of the welding tool during FSP, 
in agreement with extensive data in the scientific literature 
[4, 5]. The inhomogeneous distribution of the tool debris 
within the stir zone explains microhardness scattering.

Remarkably, the tool debris also contained notable 
fractions of iron and chromium (Fig.  2 c), i. e., constituent 
elements of the FSPed high-chromium steel. This suggests 
that the wear mechanism perhaps involved an intermetallic 
reaction between the welding tool and processed material, 
thus being a “chemical” wear in nature.

To examine the microstructure evolved within the stir 
zone, a series of EBSD maps was taken from its central 
section, with the typical example being shown in Fig.  3 a. 
In this map, individual grains are colored according to their 
crystallographic orientations relative to the WD (the color 
code of the orientations is given in the upper right corner). 
In accordance with expectations, a typical martensitic 

structure was found that consisted of prior-austenite grains, 
martensite packets, and martensite blocks. Only a minor 
fraction (≈0.1 %) of retained austenite was detected (Fig. 3 b). 
Typically, the retained austenite was arranged as fine particles 
distributed along grain boundaries within the martensitic 
phase (Fig.  3 b). It is also worth noting that an increased 
fraction of the retained austenite was observed in the vicinity 
of the tool debris (not shown).

In order to inspect the possible orientation relationship 
between the retained austenite and martensite, orientation 
data from the phases were arranged as a series of pole figures 
and compared with each other, as exemplified in Fig.  3 c. 
It was surprisingly found that the orientation relationship 
between the austenite and martensite can be described 
in terms of both the Kurdjumov-Sachs (K-S) orientation 
relationship, i. e., <111>γ║<110>α′ and {110}γ║{111}α′ and the 
Nishiyama-Wasserman (N-W) orientation relationship, i. e., 
<111>γ║<110>α′ and {112}γ║{110}α′.

To provide a deeper insight into the orientation 
relationship, orientation data were taken from a single 
prior-austenite grain (an example is indicated by the dotted 
line in Fig. 3 a). Then the data were arranged as a 100 pole 
figure (Fig.  4 c) and compared with that expected for both 
the ideal K-S orientation relationship (Fig. 4 a) and the ideal 
N-W orientation relationship (Fig.  4 b). It was found that 
the distribution of the measured orientations in the 100 pole 
figure was circular rather than straight in appearance 

	                  a			             b					               c
Fig.  3.  (Color online) Typical microstructure within the central part of the stir zone: EBSD inverse-pole-figure map (color code triangle is 
given in the top right corner) (a), a selected portion of the EBSD phase map illustrating retained austenite (b), and pole figures showing 
the local orientation relationship between the retained austenite and the martensite (c). In (a), selected area exemplifies a prior-austenite 
grain. In (c), the closest related directions in the austenite and the martensite are circled. WD, TD, and ND are welding direction, transverse 
direction, and normal direction, respectively.

		          a					       b				              c
Fig.  2.  (Color online) Macro-scale structure within the stir zone: backscatter-electron scanning-electron-microscopy (BSE-SEM) image (a), 
energy-dispersive X-ray spectroscopy (EDS) map (b), and chemical composition of the particles indicated by the green circles in Fig. 2 a (c). 
In (b), the tungsten-rich areas are highlighted with red.
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(Fig. 4 c). This observation was interpreted as an evidence of 
the prevalence of the K-S orientation relationship.

On the other hand, it is important to emphasize that the 
measured orientations also exhibited a substantial orientation 
spread (Fig. 4 c), thus perhaps reflecting the heavily-deformed 
nature of the prior-austenite grains. Given the relatively 
small orientation difference between the K-S and N-W 
relationships, the revealed orientation spread explains well 
the apparent controversy seen in Fig.  3 c. Thus, to account 
for the orientation spread, a mixed orientation relationship 
(according to which the K-S and N-W relationships act 
simultaneously) may be used.

Attempting to provide an additional insight into the 
martensitic transformation, misorientation distribution was 
derived from EBSD data, as shown in Fig. 5 a.

The misorientation-angle distribution in the martensitic 
phase (Fig. 5 a) exhibited a pronounced low-angle maximum 
and a broad peak in the angular range of 50 – 60° (Fig.  5 a). 
Moreover, the clustering of rotation axes near <111> and <110> 
poles was also observed, as shown in an insert in the upper 
section of (a). Such misorientation distributions are typically 
found in martensitic structures. Therefore, the misorientation 
measurements confirm the martensitic transformation 
occurred during the cooling of the material after FSP.

Due to the symmetry of crystal structures of the 
martensite and austenite phases, there are 24  possible 
variants that obey the K-S orientation relationship (listed in 

Table S1, Supplementary material) [29 – 31]. The theoretical 
misorientations between variant 1 (V1) and other martensite 
variants (V2 to V24), expected for the K-S orientation 
relationship, were summarized in the Table S2 [32].

In order to examine the possibility of the variant selection 
occurring during the martensitic transformation, the fraction 
of misorientations between martensitic variants according 
to the K-S orientation relationship were measured and 
summarized in Fig.  5 b. Considering the limited accuracy 
of EBSD, the boundary fractions were measured within 
a tolerance of 5°. This resulted in overlapping of some 
intervariant boundaries, such as V3 and V5, V9 and V19, and 
V10 and V14 (Fig. 5 b).

It is clear from Fig.  5 b that the distribution is not 
uniform but exhibits a distinct crystallographic preference 
of V1‑V2, V1‑V3, V1‑V4, and V1‑V5 pairs of the variants. 
This presumably implies that the martensitic transformation 
involved variant selection.

4. Discussion

As follows from the EBSD results considered above, 
it is likely that FSP exerted only a minor influence on 
the orientation relationship between the austenite and 
martensite but promoted the pronounced variant selection 
during martensitic transformation. The latter effect can be 
due to severe plastic strain in the austenitic phase field, which 

		         a				                  b					         c
Fig.  4.  The ideal 100 pole figures expected for the K-S OR (a) and N-W OR (b), [27, 28] and the typical measured 100 pole figure derived from 
a single prior-austenite grain (c). The numbers in (a) and (b) indicate martensite variants.

			        a							              b
Fig.  5.  Misorientation distribution (a) and variant-pairing-frequency histogram derived from the martensitic phase (b). In the upper section 
of (a), the misorientation-axis distribution is shown as an inset.
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promoted grain refinement and development of a distinct 
crystallographic texture. In order to examine this hypothesis, 
the prior-austenite grain structure was reconstructed.

The typical EBSD grain-boundary map taken from 
the stir zone is shown in Fig.  6 a. Assuming that the 
observed microstructure was produced during martensitic 
transformation, two different types of grain boundaries 
could be distinguished in the map [33]: (i) those existing in 
the prior-austenite structure (and thus outlining the prior-
austenite grains) and (ii) those produced during martensitic 
transformation (i. e., the boundaries between the martensitic 
variants).

The misorientations between martensite variants can 
be easily calculated assuming either K-S, or N-W, or the 
mixed orientation relationship between the austenitic and 
martensitic phases [29]. These theoretical misorientations 
are summarized in the Table  S3. Based on the specific 
misorientation, the intervariant boundaries can be easily 
discriminated from the prior-austenite boundaries in an 

EBSD map. This characteristic of the intervariant boundaries 
was used for the reconstruction of the prior-austenite grain 
structure.

Assuming that the martensitic transformation in the 
present study was governed by the K-S orientation relationship, 
appropriate grain boundaries were defined and then “removed” 
from the EBSD in Fig. 6 a. The resulting microstructure was 
shown in Fig.  6 b. As a result, the contours of the original 
austenite grains became visible, but the microstructural pattern 
was not obvious. This was presumably due to the significant 
orientation spread present within the prior-austenite grains 
(Fig. 4 c), according to which the relation between the austenite 
and martensite could be described in terms of both the K-S 
and N-W orientation relationships (Fig. 3 c).

Hence, in accordance with the discussion provided in 
Section 3, the “mixed” model of the orientation relationship 
was applied. Consequently, the intervariant boundaries 
expected for the “mixed” orientation relationship (Table S3) 
were removed from the EBSD map in Fig. 6 a. The produced 

						                    a

						                    b

						                     c
Fig.  6.  (Color online) EBSD grain-boundary map of martensitic phase (a) and reconstruction of prior-austenite grain structure assuming 
the K-S orientation relationship (b) or mixed orientation relationship (c). In all cases, low angle boundaries (i. e., those with misorientation 
angle below 15°) are depicted as red lines, while high-angle boundaries (i. e., those with misorientation angle above 15°) are depicted as 
black lines.
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microstructure was shown in Fig.  6 c. The microstructural 
pattern became clearer, though some boundary traces of the 
prior-austenite grains were discontinuous in appearance. 
The latter observation was presumably attributable to the 
significant variability of the intervariant misorientations 
(Table S3). Due to the stochastic reasons, misorientations 
of some segments of the prior-austenite boundaries can be 
close to those of the intervariant boundaries and therefore 
were mistakenly removed from the EBSD map. Nevertheless, 
the contours of the reconstructed prior-austenite grains were 
seen enough to evaluate grain size. It was estimated to be 
about 10 μm, thus being essentially smaller than the prior-
austenite grain size in the base material (35 μm). Therefore, 
FSP resulted in grain refinement in the austenitic phase, in 
broad agreement with expectations [34, 35].

Therefore, it was suggested that the variant selection 
revealed in the martensitic phase was associated with the 
grain refinement of the prior-austenite grain structure.

The black clusters in the bottom section of Fig.  6 c are 
also worthy of remark. Those were the secondary particles, 
which presumably originated from the wear of the welding 
tool (Fig.  2). Remarkably, the prior-austenite grains in the 
vicinity of the tool debris are comparatively small (Fig. 6 c). 
This suggests that the tool wear promotes an additional 
grain refinement effect, likely via the particle-stimulated-
recrystallization mechanism.

Given the minor fraction of the retained austenite in the 
stir zone (≈0.1 %), the reconstruction of the crystallographic 
texture produced in the austenitic phase during FSP is 
a challenging task. In the present study, the texture was 
evaluated on the basis of two assumptions.

First, it is commonly assumed that the straining mode 
during FSW / P is close to simple shear [36]. In face-centered 
cubic metals (including austenite), the simple shear textures 
are often examined using 111 and 110 pole figures [36], 
where the former pole figure shows the orientation of the 
closed-packed plane, while the latter one indicates the 
orientation of the closed-packed direction. Second, assuming 
the prevalence of the K-S relationship in the present study, 
{111} planes in austenite should be parallel to {110} planes in 
martensite, while <110> directions in the austenite should be 
parallel to the <111> directions in the martensite. Given the 
parallelism between the above planes and directions in the 
martensite and austenite, the 110 and 111 pole figures derived 
from the martensite can be used to examine the simple-shear 
texture in the austenite.

In accordance with the above discussion, the EBSD 
orientation data extracted from the martensitic phase were 
arranged as 110 and 111 pole figures (Fig.  7 a) and then 
compared with the ideal simple-shear textures expected for 
the face-centered cubic crystals [36] (Fig.  7 b). From the 
analysis, it was deduced that the crystallographic texture in 
the austenitic phase was close to the ideal B / -B {110}<112> 
simple-shear texture component. The formation of such a 
texture is often reported in FSW / Ped face-centered cubic 
metals (particularly, aluminum alloys).

Therefore, it was suggested that the variant selection 
occurred during martensitic transformation was contributed 
by the formation of the distinct crystallographic texture in 
the high-temperature austenite.

5. Conclusions

In this work, crystallographic aspects of the martensitic 
transformation occurring during FSP of 10 % Cr martensitic 
steel were examined. It was found that the orientation 
relationship between the martensite and the retained 
austenite somewhat deviated from the “classical” K-S 
relation. This observation was attributed to significant 
orientation spread within the prior-austenite grains 
produced during FSP. Moreover, it was also deduced that the 
martensitic transformation involved a pronounced selection 
of crystallographic variants. It was suggested that this 
phenomenon was associated with both the significant grain 
refinement and the formation of distinct crystallographic 
texture in the high-temperature austenite during FSP.

Supplementary material: The online version of this 
paper contains supplementary material freely available at the 
journal’s web site https://lettersonmaterials.com. 
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